® 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 377 136 

A2 



3 



EUROPEAN PATENT APPLICATION 



0 Application number. 89122802.5 
(g) Date of filing: 11.12.89 



© lntCI-5: H04L 1/18 



® Priority: 05.01.89 US 294086 

® Date of publication of application: 
11.07.90 Bulletin 90^8 

® Designated Contracting States: 
DE FR GB 



0 Applicant: International Business Machines 
Corporation 
Old Orchard Road 
Armonk, N.Y. 10504(US) 

@ Inventor Chen, Mon-Song 

21 Martin Avenue West 
Edison New Jersey 08820(US) 
Inventor: Goldstein, Barry Clifford 
24 Glen Terrace 

Chappaqua New York 1 051 4(US) 
Inventor Meleis, Hanfy El Sayed 
325 Eastern Close 

Yorktown Heights New York 10598(08) 
Inventor Zumbo, Dominick Anthony 

22 Buttermild Drive 
Poughkeepsie New York 12601 (US) 



Representative: Herzog, Friedrich Joachim, 
Dipl.-lng. 

IBM Deutschland GmbH Schonaicher 

Strasse 220 

D-7030 Boblingen(DE) 



© Adaptive data link protocol. 

© A communication system provides high speed transmission of data over a link, such as a fiber optic link 
between a first terminal and a second terminal. The architecture and protocol permits the use of dedicated 
hardware such as state machines constructed of programmable array logic units, to synchronize the transmis- 
sion and reception of data packets and the retransmission of designated ones of these packets in the event of a 
CMfaulty transmission. Packets to be transmitted and received are stored in an array of frames in sub-windows of a 
< memory storage window in each of the terminals, the frame number being equal to the sequence number of the 
.ftdata packet By embedding sequence and status bits in each packet within control words and bits appended to 
Cneach packet, the state machine in each terminal can readily track the progress of each packet so as to reques^ 
^-acknowledgement oi error-free receipt, to send an acknowledgement to request a retransmission of a packet 
redesignated by its serial number, and to distinguish a retransmitted packet from an onginal packet transmitted 

^with error. 
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ADAPTIVE DATA LINK PROTOCOL 



BACKGROUND OF THE INVENTION 

This invention relates to archrtecture for a data link control protocol suitable for a duplex digital data 
transmission system employing error recovery based on a GO-BACK-N algorrthm for 
5 frames of a window subsequent to the detection of an error and. more parfcularly, to «>nstr"ct.on of 
such an architecture with a digital word fonriat permitting parallel processing of md.v.dual b.ts of a word to 
aSow for error detection and recovery at rates commensurate with the high data-transm.ss.on rates of 

'''''?jT£:^::lTs;:Zl wlde-y used tor communicating digitized data -ong Peop-e wh^^^ 
70 use the data For example, such data may include pictorial infomnation sent by facsimile, textual date for 
publ shingturpies. and numeric date as may be employed by computer companies, ttje latter two onns 
Of date being transmitted frequently by the use of modems connected to a telephone line or high-speed 
date line. Large amounts of date to be transmitted over a single communication link are generaUy 
multiplexed and modulated onto an electromagnetic carrier for transmission over a coaxial cable, or pulse 
75 modulated onto a light beam for transmission by fiber optics. . ^ , •« ^ hioh 

■ Of particular concern herein is the situation wherein large amounts of data are to be transmitted at high 
speed over a communication link, particularly a two-way. or duplex, optical fiber comnnunication link The 
date is transmitted, typically, in the iorm of batches or packets along with some form of coding such as a 
SSirrSmTancy check (CRC). which allows for a receiver to verify that the received packet of date .^ay 
be egZded as being free of error. In the event that an error has been detected, then Packet is - t^^^^ 
and the receiving terminal requests the transmitting tem^inal of the ^r'"""'^^*"" ^"Vv tS^^uotex I nk 
rejected packet. The capacity for transmitting the request for retransmission .s provided by the duplex link 

wherein transmission is possible in both directions. . x • ♦ 

n ^hfuse of such communication systems, considerable electric circuitry and complexity of equipment 
is enta led for identifying and maintaining synchronization between packets which "l^^e been Iransmmed 
packS which have been received, and packets which are yet to be transmitted. Such .dentification and 
^ynSrLzation is particu.ariy important for the case wherein a request is nnade ^<>-f ^^f^^^ 
packets to insure that there is no confusion as to which packet is to be retransmrtted. and whether or not a 

^^re^^':;e'SaTm~on system for communica.ng digitized date among a group of computers 
is disclosed fn an article entitled "VAXclusters: A Closely-Coupled Distributed System" by N. P. Krone- 
bero H M Levy and W. D. Strecker in ACM Transactions on Computer systems. Vol. 4, No 2. This art cle 
drscloses a sTarihaped array of date buses with arbitration and acknowledgement of buses for connecting 
bSeen tio tem,inals. U.S patent 4 527 267 discloses a communication system with administration of 
acSeSement packets. ar,5 employs an internal protocol of a transport switching r^twork w-d°ws 
Tl^^e6 date packets to be transmitted. U.S. patent 4 677 614 discloses a multi-node loop form of 
^omrnSfon system wherein any one of the nodes can assume the role of a master node to provide a 

'"\'So't5e?iSn that the microprocessor circuitry which has been available. 
the packets to be transmitted, for identifying packets, and for maintaining ^^^"^ , 

toinsr^itted and received packets has restricted the maximum speed of data transjn.ssion along the ^^^^ 
?Se restriction arises by virtue of the fact that the microprocessor circuitry is itself Imnited by J^e speed a 

H can function. A^ higher communication speeds have become available. P-rt.C"lariy v«th op^^^^^^^^^ 
3<s full advantage of the higher speed capabilities of the links has not been realizable because o he 
restriction on the speed of response of the microprocessor circuitry which controls the operation of the 
communication link. 
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SUMMARY OF THE INVENTION 



The foregoing problem is overcome and other advantages are provided by ^ "^^"^"^^^'^^^^ 
which a commun^ation link provides two-way communication between two terminals at he ^"^^^^^^^^ 
Da a is transmitted along the link in the form of data packets, wherem each packet also includes contro 
woS and status bits which identify each packet by a sequence, and carry --ages -ch as a reque^^^^^^^^^ 
an acknowledgement of successful transmission, and to indicate a retransm.ss.on of a packet when such 
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■ retransmission has t>een requested because of a communication error. The inclusion of status bits and 
control words with the packets facilitates the construction of a communication system wherein sequencing, 
synchronization, and en-or recovery can be accomplished by dedicated circuitry, including state machines, 
which are hard-wired for rapid operation, rather than by use of general purpose microprocessors which 

5 would accomplish the foregoing tasks at a slower rate. 

Synchronization is facilitated by the use of a pair of memories, one at each terminal, wherein storage 
compartments are arranged in the same fashion within each memory. In each memory, the storage 
compartments are divided among data frames, with groups of frames being arranged as sub-windows of a 
window. The window is the complete array of frames in the memory. The sequence number of each packet 

10 is equal to the number of the frame in which the data is stored. The data in each frame is transmitted as a 
separate packet Upon receipt of a valid packet, the data is stored in the corresponding frame of the 
received memory. Ail packets are checked for en-or before being stored in the received memory. The 
omission of the packet is readily determined by comparison of sequence numbers of received packets with 
an incoming packet. This arrangement is readily implemented by use of programmable array logic (PAL) 

75 units in the construction of state machines which can operate faster than a general purpose microprocessor 
in carrying out the synchronization function. 

A request for an acknowledgement signal is included within the packet at the end of each sub-window. 
However, in accordance with a feature of the invention, transmission of subsequent frames need not be 
delayed until an acknowledgement signal has been received. Rather, the transmission of subsequent frames 

20 is allowed to continue for a predetermined amount of time, whether or not the acknowledgement signal has 
been received. When an acknowledgement signal is received, status bits are changed from "awaiting 
acknowledgement" to "acknowledgement received", the status bits being appended to the corresponding 
data packet in the transmit memory.. For this purpose, it is noted that the data of all frames is retained in 
storage in the main memory until the complete window has been sent. The retention of the data permits 

25 retransmission of data packets in the event that a faulty transmission has occurred. By appending the 
status, such as "awaiting acknowledgement", atongside the corresponding packets in the last frame of each 
sub-window, a PAL unit can readily review the status of the frames to determine whether an acknowledge- 
ment (Ack) signal has been received. 

The invention provides for an error recovery mechanism implemented by the data link control. Upon 

30 detection of an error in data or a sequence error by the receiving terminal, the receiving terminal transmits 
a message to the transmit terminal indicating that there has been a faulty transmission and, further 
indicating the sequence number of the data frame for which the fault occurred. The transmit terminal goes 
back to the sub-window and frame specified in the en-or message, and resumes transmission with the sub- 
window and frame specified in the error message. In the first packet of the retransmission, a status bit is set 

35 to indicate that this a retransmission. The receiving terminal upon seeing the message with the indication of 
retransmission, and upon properly receiving this packet, sends the Ack message with the status bit 
indicating that the acknowledgement is in response to the retransmitted data packet. This informs the data 
transmit terminal that the GO-BACK procedure has been completed. 

It is also critical to maintain a timer within the transmit terminal for timing the time interval elapsed 

40 during the data recovery procedure. Timing of the recovery interval begins upon reception of the error 
message, and is terminated upon receipt of the status bit indicating that the GO-BACK procedure has been 
completed. The timer is also operated in the event that a status of Awaiting Acknowledgement is found in 
the status bits of each data frame stored in the transmit memory. The transmit terminal inserts the message 
"I Need Status" within the data packet and starts the timer. The timer is reset when the "Awaiting Ack" is 

45 alleviated by receipt of an Ack signal or upon completion of a data recovery procedure. Should the elapsed 
time exceed an allowable amount, a waming indicator is activated to alert personnel at the transmit terminal. 
The use of the status bits in cooperation with the timer provide for greater efficiency during the link re- 
synchronization cycle after a packet error. 

It is noted that the system architecture operates independently of the data packet size because all of 

50 the control words and status bits are set in a portion of the data packet separate from the data itself, and 
separate from a cyclic redundancy check (CRC) code which is eiriplbyed in checking for error in 
transmission. Therefore, the data portion of a transmitted packet may be small, large, or varied in length in 
accordance with the adaptive capability of the system. Variation of the number of frames between a request 
for acknowledgement, as well as variation in the length of the data portion of each packet permits the 

55 acknowledgement signals be sent more or less frequently depending on the system response to error rate, 
packet or bit error rate, along the communication link. For high quality transmission links, the error rate is so 
low that it is highly unlikely that more than one bit per packet would be in error. Therefore, as a practical 
matter in the implementation of the system, the bit error rate and the packet enror rate may be regarded as 
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being the same. 

BRIEF DESCRIPTION OF THE DRAWING 

^ The aforementioned aspects and other features of the invention are explained in the following 

description, taken in connection with the accompanying drawing wherein: 

Rg. 1 is a diagrammatic view of a communication system employing the invention, the system 
comprising a transmit terminal and a receive terminal joined by a communication link; 
TO Fig. 2 shows parallel processing of serially-transmitted bits of a data packet in the system of Fig. 1 

for high-speed checking of packets for data and sequence errors; 

Fig. 3 shows components of a control logic unit of Fig. 1 for implementing data link control in a hard- 
wired state machine for rapid control of synchronization and data recovery procedures for the system of 
Fig. 1; 

75 . Fig. 4 is a diagram showing transmission efficiency as a function of bit error rate (BER) for use of a 
data recovery cycle in one scheme wherein only a faulty packet is retransmitted, and in a second scheme 
wherein the faulty packet plus succeeding packets which may have been transmitted are retransmitted; 

Rg. 5 is a diagrammatic view of a memory employed in each of the terminals of Fig. 1 for defining a 
window, a sub- window, and a frame; 

20 Fig. 6 is a diagram explaining memory architecture employed in the data link control (DLC) for the 

system of Rg. 1; 

Rg. 7 shows the frame structure of the data message transmitted by the system of Rg. 1; 

Fig. 8 shows the message frame structure of an acknowledgement message; 

Rg. 9 shows the frame structure of an error message; 
25 Rg. 10 shows the frame structure of a message requesting status; 

Rg. 1 1 shows the frame structure of a message conveying status of the receive terminal; 

Rg. 12 shows the frame structure of two messages. "Are you there" and "I Am Okay".; 

Fig. 13 is a timing diagram of normal DLC transmission and acknowledgement; 

Rg. 14 is a timing diagram showing operation of the DLC error recovery mechanism; 
30 Rg. 15 is composed of two sheets of drawing identified as Rg. 15A and Rg. 15B which, taken 

together disclose a program flow chart for operation of the transmit terminal of Rg. l; 

Fig. 16 discloses a program flow chart for operation of the receive terminal of Fig. 1; and 

Rg. 17 is a program flow chart of an acknowledgment timing procedure. 
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DETAILED DESCRIPTION 



Fig 1 shows a two-way (duplex) data transmission system 20 allowing two users 22 and 24 to 
communicate with each other. The system 20 comprises two terminals 26 and 28 coupled by a full duplex 
40 data transmission link 30. The link 30. by way of example, may be constructed of two optica! fibers wherein 
one optical fiber provides simplex transmission of data and control signals from the terminal 26 to the 
terminal 28. and the second optical fiber providing simplex transmission of data and control signals from the 
terminal 28 to the terminal 26. Alternatively, the transmission link 30 may be constructed of a coaxial cable 
or a telephone transmission line to provide for the duplex transmission; however, full advantage of the 
invention can only be attained with the high-speed transmission of an optical link. The terminal 26 connects 
with the user 22. and the terminal 28 connects with the user 24. 

In the practice of the invention, the two terminals 26 and 28 are constructed of the same components, 
and are operated to provide their respective functions of transmission and reception. The terminal 26 
comprises a memory 32. a transmitter 34. a receiver 36, a control logic unit 38. and an interface 40. 
Similarly. the terminal 28 comprises a memory 42. a transmitter 44, a receiver 46. a control logic unit 48, 
and an interface 50. \n the terminal 26. the control logic unit 38 connects with the memory 32. the 
transmitter 34, and the receiver 36 for the application of control signals to operate these units. Similarly, m 
the terminal 28, the control logic unit 48 connects with the memory 42, the transmitter 44 and the receiver 
46 for applying control signals to operate these units. The interfaces 40 and 50 operate to couple signals 
55 between the link 30 and the transmitters 34. 44. and the receivers 36. 46. 

Operation of the system 20 may be demonstrated by the transmission of data from the user 22 to the 
user 24. In accordance with the invention, the data is first stored in the memory 32 so as to become 
available to the transmitter 34 for transmission to the terminal 28. Under control of the logic unit 38. the data 
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from the user 22 is entered into the memory 32 by arranging the data in the memory 32 as a set of frames 
which, together, form a window of data. The window is divided into sub-windows to facilitate data 
transmission, as will be described hereinafter. The window is outputted to the transmitter 34 under control of 
the logic unit 38 for transmission via the link 30. In the usual operation of the system 20 in the case of a 

5 relatively low bit error rate (BER), each frame is transmitted as a separate data packet comprising data and 
control words, as well as an error correction code, a message type, and flags designating the start and end 
of a packet, as will be described hereinafter in further detail. !f desired, particularly in the case of high error 
rates, the length of a frame and the corresponding length of the data portion of a packet may be reduced. 
In accordance with a feature of the invention, the transmission of a sub-window is preceded by a header 

70 identifying the number of frames in the sub-window. Furthermore, control signals embedded in the control 
words and the message type of each packet identify each frame of the sub-window to enable the receiving 
terminal 28 to compare the anticipated sequence of frame arrivals with the sequence of frames as actually 
received. The data frames are received by the receiver 46. the receiver 46 also providing an error check of 
each data word by a cyclic redundancy check (CRC) to verify that data in each frame head is valid. Valid 

75 data from each packet is stored as a frame of a window in the memory 42. However, invalid data is 
discarded, and is not stored in the memory 42. The result of such invalid data is to alter the sequence of 
stored frames in the memory 42 from that which has been expected- Furthermore, in response to the invalid 
data, the transmitter 44 is activated to transmit a signal back to the transmitting terminal 26 requesting that 
the present sequence of frame transmission be stopped and that the transmission be restarted with the 

20 frame containing the faulty packet. In this way. the window of the memory 42 is filled with data which 
accurately matches the data originally stored in the window of the memory 32. The memory 32 retains 
storage of the data, even after transmission of the data, until such time as an acknowledgement signal has 
been transmitted from the receiving terminal 28 to the transmitting terminal 26 to acknowledge that all of the 
data has been correctly received. Thereupon, the data is dumped from the memory 32 to provide space for 

25 receiving further data from the user 22. Also, the data of the memory 42 is transferred to the user 24 with a 
clearing of the memory 42 so as to permit entry of further data. By virtue of the foregoing operation, which 
will be described in further detail hereinafter, the system 20 is able to transmit data accurately from the user 
22 to the user 24. The system 20 can operate in the same fashion in the reverse direction so as to enable 
the transmission of data from the user 24 to the user 22. 

30 Fig. 2 is useful in explaining a further feature of the invention wherein control signals are embedded in 
each packet for controlling operation of the system 20, The control signals may be present in a packet 
irrespectively of whether or not the packet contains any data. With reference to the foregoing example, a 
packet traveling from the terminal 26 to the terminal 28 contains both control signals and data. In contrast, 
an acknowledgement signal and a signal requesting a retransmission would be transmitted in a packet 

35 which carries no data. The transmission of bits of each packet is conducted in serial fashion along the link 
30. For example, in the case wherein the link 30 is fabricated of optical fibers, and wherein a pulsed electric 
signal of the transmitter 34 is converted by the interface 40 into pulses of light for transmission along the 
fiber, the bits of each packet are transmitted along the fiber serially. Similarly, in the case wherein the link 
30 is constructed as a coaxial cable, the bits may also be formed as a pulse modulation of an 

40 electromagnetic carrier signal in which case the bits are transmitted serially. 

Serially transmitted signals are converted into a parallel signal, by use of a shift register 52. The parallel 
output lines are applied to field-recognition circuitry 54 which identifies the various fields in each packet so 
as to permit rapid extraction of the control signals from the packet. Data and an error checking code are 
outputted by the recognition circuitry 54 to a data error checker 56 which operates in a well-known fashion 

45 to make the data available for entry into the memory 42, and to output a check signal on line 58 indicating 
whether or not the data is error free. The check signal on line 58 is applied to the control logic unit 48 for 
use in the generation of a request for retransmission of data, as will be described hereinafter. The parallel 
processing of the respective fields of a packet enables the circuitry of the receiving terminal 28 to operate 
at the same rate at which the data is being transmitted. 

50 As a further feature of the invention, it is noted that a window of the memory 32 may be divided into 
smaiier sub-windows each of which has a reduced number of Frames so as to increase the frequency at 
which acknowledgement signals are received from the receiving terminal 28 back at the transmitting 
terminal 26. The increased rate of acknowledgement signals is most useful in the case of a noisy 
environment at the link 30 wherein higher error rates may exist. This reduces the total number of frames 

55 which may have to be retransmitted in the event of an error being detected within a sub-window. The 
changing of the sub-window size can be accomplished automatically by the system 20 by counting the 
number of negative-acknowledgment (NACK) signals during a predetermined interval of time. These 
functions are accomplished by use of the control logic units 38 and 48. 
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With reference to Rg. 3. rapid speed of operation of the logic un.t 38 .s attained consfructing ti^e un,t 
38 of programmable array logic (PAL) unit 60 in conjunction with latches 82. a clock 6^-^"d^a cou^er 66^ 
PAL units 60 are available commercially and are readily connected and programmed ^ P^^o^-^ ^J^f 
Togic routine. The latches 62. which may be constructed as type-D flip-flops, are employed to ^ore^^ tf 
Of digital signals representing specific states of the system 20. such as a state of ;-^^^-^J^^ J- 
acknowledgment signal, a state of an empty memory frame ready to receive new data, or a state of a 
foaded memory frame ready to discharge data. Additional commands, as well as a sequence of commands 
^av be s^red m a program memory 68. The interconnection of the counter 66. and the memory 68 wrth 
t^e latehes 62 a^d the PAL units 60. as shown In Fig. 3 represent a typical interconnection scheme and are 
pr^vSfd to de^onSa^^^^^^ of these elements in the construction of the logic unit 38. ft is unda^ood 
thHe total number of PAL unrts 60 and latches 62 is dependent upon the speafic P;o9ramrnmg and og c 
functTons to be provided by the logic unit 38 as will be discussed hereinafter. It is noted also tha he log c 
unK ri conLu^ed in the same fashion as the logic unit 38 and. accordingly, the exp^aton of he log.c 
unitS Ts to be understood to apply also to the logic unit 48. The control logic unit 38 also includes an 
SrSs geneStor 76 responsive to the PAL unit 60. for addressing the memory 32 to select frames, or 
portions of a frame into which data is to be written and from which data is to be read out. 

By virtue of the foregoing operation of the system 20. as well as the archrtecture and protocol employed 
in the cTstmct on and operation of the system 20. the system 20 is capable of providing for accurate 
Lsmissfon^ TaU at substantially higher data rates than has been available ^^^i^^^^-;^^;:^^?''^'^' 
of t^e architecture and protocol which make the operation possible is explained now in further deta l by 
Sfe^LTto t?^ specific'arrangement of frames in the window, and the specific fom^atting of packets to 
orovide for the embedding of control signals within a data-carrying packet. 

For the correction of errors detected in the transmission of data, there are three 
common practice for communication systems. One mode is to repeat the .^^^^^^^^^^ 
which wi determined to be defective during the initial transmission. In a second ^node. ttne serial 
fransmlssion of a succession of data packets is stopped, and the transmission sequence reverts back to the 
nacS wr^e faulty data for a retransmission of this packet along with all s"'^^^"^"^ P^^'^^^.l^^! 
sequence which may have already have been transmitted. In a third mode of error corrertion. add^ona 
fnformaton is transrnitted with each data packet, which information is sufficient to regenerate a portion of 
dlte^ d^ has STost or corrupted during a transmission. As is well known, each of these modes may 
S'^sTh^f^n parSar sitoln^ depending on error rate, the rate of transmission =P-^ /"^^^ -^^^^^''f, 
of a transmission in the reverse direction to notify a sender of a transmission failure The 'n^ent °n is 
LndlTuse in a duplex data transmission system which allows for the transmission of messages to he 
seSer acUwIedging whether data has been accurately received or whether there has been a faulty 
Tansmisston of the dL Therefore, only the first two of the foregoing data correction modes are candidates 

%T:.ZTZ "^^T:^. transmission, as a function of bit error rate, for the first two of the 
foreg^ng mod^s oTdata correction. In a sense, the selective repetition of only a date packet expenenang a 
aL^ ransmission would be the ideal protocol for date link control because this mode minimizes a number 
S S.reTwhTch must be retransmitted. However, the second of the foregoing modes namely the 
Ian mining Of a sequence of date packets beginning with the packet experiencmg ^Jj^^ -^^'^^ 
rnore easily implemented in terms of the construction of the transmission system. fTg. 4 shows that for a 
SveTy low BER. the two modes of correction provide essentially the same P"* ^"il; 

SSrd ngly either of these two modes may be employed in the construction of a ^'gh-speed 'ow-BER 
CaSmtsfon system. The second mode, namely the retransmission of the sequence of packete beginning 
with the faulty packet is employed in the construction of the system of the invention. 

Fia 5 presents a diagram of a memory 32 showing an arrangement of frames 70 in a window 72. The 
Window ly be rvided Zo sub-windows 74 for Improved efficiency of date transmission in an environment 
onncrea^S bU error rate. The frames 70 are selected by the address generator 76 (Fig. 3) m accordance 
witra iograri to be described hereinafter. Generally, a packet of date comprises the date of a single 
fTame 70. However, if desired, a date packet may be configured with a smaller quantity of date, such as the 

data stbfed in one-half of a frame 70. . 

Each of the sub-windows define sequences of frames of date to be transmitted from the "ser 22 to the 
user 24 At he conclusion of the transmission of date packets of all of the frames of a sub-window, an 
^c^owledgement Signal (Ack) is sent from the terminal 28 back to the terminal 26. After t^-^-'^^'"" ° 
date packed of all of the frames of the window 72. the frames of the window are cleared to receive further 

"'""irthe^'eveTtS negative acknowledgement (NACK) in the form of an error signal, indicating an 
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unsuccessful transmission of data, is received, the error signal includes identification of the frame containing 
the data of the unsuccessful transmission. Then, in response to the error signal, the data of that frame plus 
the packets of data of the succeeding frames are retransmitted from the terminal 26 to the terminal 28. 
Thereupon, assuming that successful acknowledgement is received, the series of data transmissions 

5 proceeds with the next sub-window. The operation of the system 20 in accomplishing these retransmissions 
will be explained now In terms of the system architecture and protocol. 

Rg. 6 shows the arrangement of frames of the transmitting memory 32 of the transmitting terminal 26. 
and the frames of the receiving memory 42 of the receiving terminal 28. Fig, 6 is useful in describing the 
memory architecture of the data link control. By way of example in construction of a preferred embodiment 

70 of the invention, each of these memories provides for the storage of 512 K bytes of data. There are 1,024 
frames 70 each of which has storage of 512 bytes. During the transmission of data of the various frames 
from the terminal 26 to the terminal 28. the data is transmitted from each frame sequentially wherein the 
sequence number of each frame is equal to the address of the frame and the memory. Fig. 6 and the 
succeeding Rgs. 7-14 will be used to describe the novel features of the invention in terms of a protocol 

75 suitable for a high speed data link control (DLC). As noted above, the framing of the data messages and the 
mechanism for error recovery is based on the GO-BACK-N algorithm wherein N is the number of frames 
back in the sequence wherein error was noted in a data packet. 

- This description covers - two important considerations in the design of the DLC architecture, namely, 
management of each data memory (memories 32 and 42) and the form of the frame structures. A multiple 

20 window scheme, as disclosed above, is employed in the architecture, the multiple window scheme including 
the window 72 and the sub-windows 74. The memory size of 51 2K bytes of data has been selected to 
accommodate the pipelining requirements of a long distance data link, such as an optical link. Each of tf>e 
sub-windows 74 has the same number of frames 70. 

The number of status states employed in the operation of the memory 32 as a transmit memory differs 

25 from that employed in the operation of the memory 42 as a receive memory. Also, it is convenient to refer 
to the window 72 of the memory 32 as a transmit window, while the corresponding window of the memory 
42 may be referred to as a receive window. Each transmit window has three status states associated with it. 
the three status states being identified by two status bits in a status memory 78 of the control logic unit 38. 
One of the latches 62 in cooperation with the counter 66, under control of the program memory 68. serve to 

30 provide the function of a sequencer 80, indicated by the dashed line in Rg. 3. in the case of the control 
logic unit 38, the status memory may be referred to as a transmit status memory, and in the case of the 
control logic unit 48, the status memory may be referred to as a receive status memory. Each status 
memory is configured, by way of example, in a preferred embodiment of the invention, as a scratch-pad 
memory with an array of 128 x 9 bits. The states defined by these bits are as follows: (00) Write, (01) Read. 

35 (11) Awaiting Ack. \1 the status of a window or sub-window is Write, then this window is listed to be empty 
and available for reception of data to be written into this window. 

As is well known, in the open system interconnect (OSI) model of system architecture, it is the practice 
to describe the architecture as t>eing configured of a series of layers, one above the other. For example, 
there is the physical layer dealing with circuitry components and other equipment employed in the 

40 construction of the system 20, the DLC layer relating to the control and operation of the foregoing 
components, and a network layer from which data is written into a memory of a system 20 and extracted 
from a memory of the system 20. In the layer description, the physical layer is considered to be below the 
DLC layer, and the network layer is considered to be above the DLC layer. Other well-known layers are 
positioned above the network layer but need not be referred to in the ensuing description. 

45 Thus, with respect to the layers of the foregoing OSI model, if the status of a window is Write, this 

window is empty and available for the layer above the DLC to write into. A status of Read indicates that 
data stored in the window is ready to be read out of the window and sent from the terminal 26 to the 
terminal 28 via the data transmission link 30. The Awaiting Ack status indicates that data of the window has 
been sent and that the transmit terminal 26 is awaiting an Ack message. 

so There are two pointers into the transmit memory, namely, a Write pointer and a Read pointer. The Write 

pointer is controlled by the layer above the DLC layer. The Read pointer is coiitf5lled by the DLC layer, and 
is utilized during both normal transmissions and in error situations. During the transmission of the data of 
the frames 70 from the memory 32, the control logic unit 38 directs the sending of the data of sub-windows 
having a status of Read sequentially without waiting for reception of an Ack signal for a previously sent 

55 window before advancing to transmission update of the next sub-window. After the data of a sub- window 
has been sent, the control unit 38 changes the status of the sub-window to (11), Awaiting Ack. Thereafter, in 
response to the status of (11) at the present sub-window, the DLC layer requests a message from the 
receiving terminal 28 asking for the status of the logic control at the receiving terminal 28. 
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The receive memory has the same organization as that of the transmit memory, but e^nploys only two 

anticipated number of a received frame. Such lack of match can occur m the event that a data frame has 
not been received by the receiver 46 due to noise or other source of transmission error. 
" '^dS aSiSd by the receiver 46 is stored in the received memo^ 42 -^J^^;':^%^^\'^:;Z 
r>r CRC errors associated with the data. It is noted that the receiver 46 expects the data of the various 
^im^s recXed se^^^^^^^^^^^ deviation from the sequence is flagged by the receiver 46 as an e>Ton H 

InTrorTs deic^^^^^ associated with this error is discarded, and an error message is sent from he 

^Tcred teS letck^^^^ the transmit terminal 26 along with the identifying number of the expected 

^'""^he receK^ar 46 discards all incoming packets of data until the «>^P-?f 

The sequence number of each frame, as has been noted above is equal to the address of «)Jt ^J"^^^^^^^^^^^ 

^'"i?,^i~^iT^:7o.i:^,^'S,.^^ « — . S« ^. M»=^ Typo. Oon.™, W„<, 
»,dE^ ?^% 7lly^aes these Weeks being use<l » consuuc ^.'^J STptg 

Sic Weeks thi data message ineluOes lunhef Ihe actual data and CRC for the data. The Swt FU^g 

"%TeSSa"Sorr.;"j:sr«srrci'sr:d ac^,d,h. .o .he ... o,^ so.™, . 

teTaa 48 o, 56 bytes, depending on tb. amount of error detection coverage rege.red. An end flag. 

,L",rrer:r.iTrM^ndr ^ ^".ssage. ™ age ,s generated 
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by the receiver terminal 28 in response to an Ack request by the transmitter tenminal 26 in the data 
message. The message type for an Ack message is 0010- The page bit indicates the page status of the 
receiver memory 32. The parity bit is generated on the above-mentioned seven bits. The control word 
contains three bits which indicate the frame being acknowledged, seven bit to indicate the sub-window that 

5 is being acknowledged, four bits which indicate the type of Ack (either window or frame) to the control logic 
unit 38, two parity bits which are generated on each of the seven bit groups and are appended to the 
control word before transmission. 

Hg. 9 shows the format of the error message. The error message is generated by the receiver in 
response to the reception of an erroneous data message, such as an invalid sequence number or CRC 

10 error. The message type for an error message is a 0101. The page bit indicates receiver page status. The 
receiver status bit indicates whether the receiver is in a normal mode or in an error mode. The parity bit is 
generated to confirm the validity of the above-mentioned bits. The control word is made up of three bits that 
indicate the erroneous frame, and seven bits which indicate the erroneous window. These bits along with 
the page bit are used by the transmitter control unit 38 to allow the transmitter terminal 26 to go back and 

75 retransmit data, starting at a specific frame. Two parity bits are appended to the control word to ensure the 
validity of the bits within the word. 

Fig. 10 illustrates "I Need Status" message. This message is generated by the transmitter terminal 26 
when - the DLC pointer encounters a window with a status "Waiting for Ack". The message type for this 
message is 0011. The page bit indicates the page on which the transmitter control unit 38 detects a status 

20 of "Waiting for Ack". The transmitter status bit indicates the mode of the transmitter terminal 26, either 
normal or error. A parity bit is appended to ensure the validity of the message type bits. The control word is 
made up of three bits which indicate the frame which has not been acknowledged. The control word further 
comprises seven bits which indicate the sub-window of the packet which has not been acknowledged. Two 
parity brts are appended to ensure data integrity. 

25 Fig. 1 1 shows the structure of the receiver status message. This message is generated by the receiver 
terminal 28 in response to the "I Need Status" message. The message type for this message is 0100. The 
page bit indicates the page status of the receiver memory 42. The receiver status bit indicates the status of 
the receiver terminal 28, error or normal. A parity bit is provided for data integrity. The control word is 
composed three bits which indicate the expected frame, seven bits which indicate the expected window. 

30 and two bits to ensure data integrity by a checking of parity. 

Fig. 12 illustrates the messages for "Are You There" and "I Am Okay". The message types for these 
messages are 0110 and 0111, respectively. A parity bit is added to the message type to ensure data 
integrity. The control word is made up of ten bits which are used as a time stamp to Indicate when this 
message was sent. The control word further comprises four bits which are either 0000 or 1111 indicating 

35 messages of "Are You There" or "I Am Okay", respectively. This redundancy is used to ensure that the 
message is interpreted property. Two parity bits are also used in the control word to ensure its integrity. 
This message is used on power-up to calculate the round-trip loop time and also to validate link continuity 
during prolonged times of idle link conditions. 

Fig. 13 demonstrates a normal DLC transmission and acknowledgement "Transmit" is abbreviated by 

40 Tx and "receive" is abbreviated by Rx. Rrst. the transmitter terminal 26 sends a data message with the 
transmitter status bit equal to 0. The receiver receives this message correctly and responds by sending an 
Ack signal upon the conclusion of the transmission of a sub-window. This same message exchange is 
repeated every time a sub-window is received correctiy. Each sub-window is eight frames in this example. 
The sub-window size can be varied based on the BER of the link at that time. Also, since the Ack request is 

45 within the data message, the system 20 can change the frequency of Ack signals on a frame by frame 
basis. 

Rg. 14 demonstrates the DLC error recovery mechanism. The transmitter terminal 26 initiates a data 
message with the transmit bit equal to 0. The data is received, in this example, incorrectly due to a CRC or 
sequence error. The receiver terminal 28 responds by starting an error message retry timer 82 which may 

50 be included within the control logic unit 48 of the receiver terminal 28. Since both of the control units 38 
and 48 have the same construction so as to allow for the {ransrfiissibh of data in both directions across the 
link 30, the timer 82 is shown in the control logic unit 38 of Rg. 3. in this example, the transmitter terminal 
28 responds further by setting the inhibit bit to inhibit the restarting of the timer 82, and sends an error 
message with the receive status bit set to 0. The transmit control unit 38, upon sensing the receive status 

55 bit of the error message equal to 0, responds by setting the transmit bit to 1 . and initiates an error recovery 
cycle. The transmit terminal 26 reverts to the sub-window and frame specified in the error message and 
starts transmitting. The transmit terminal 26 now sends a data message with the transmit status bit now 
equal to 1 . The receive terminal 28. upon sensing a data message with the transmit status bit equal to 1 . 
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responds by setting the received status bit to 1 . It is assunned now that the data of the frame is received 
correctly. Thereupon, the receive terminal 28 sends an Ack message vydth the receive status bit equal to ^. 
The transmit terminal 26, upon receiving the Ack message resets the transmit status bit to indicate that the 
"Go BACK" state is complete. 

The transmit terminal 26 continues to send the data packets that follow. The next data message has the 
transmit status bit equal to 0, and when received by the receive terminal 28. resets both the receive status 
bit and the inhibit bit. The error message retry timer 82 is reloaded and disabled until another erroneous 
data message with the transmit status bit equal to 0 is received. The timer 82 is disabled when the receive 
bit is 1. When the receive status bit is reset, the timer 82 is either restarted, if the data message which 
reset the receive status bit was incorrect or is reloaded and disabled if the data received is correct. The 
timer 82 remains disabled until the next erroneous data message is received. 

In the foregoing example, if a status of "Waiting for Ack" had been encountered by the transmit control 
unit 38. the control unit 38 would have initiated the message "i Need Status", and started the timer 82 at 
the transmitter control unit 38 to regulate the time between transmissions of the message "I Need Status". 
The timer 82 is disabled when the transmit status bit is equal to 1, and is restarted when the transmit bit is 
reset if the condition "Awaiting Ack" still exists. The timer 82 is reloaded and disabled when the "Awaiting 
Ack" condition is alleviated at the transmit terminal 26. 

The transmit and receive status bits, and the inhibit bit. are provided as a feature of the invention to 
ensure that the controlled and efficient algorithm for the "GO BACK* function can be implemented. These 
bits ensure that the "GO BACK' function is accomplished efficiently. The provision, in accordance with the 
invention, of the transmit and receive status bits allows the transmit terminal 26 and the receive terminal 28 
to be synchronized with respect to the specific data frames being communicated without the need for 
excessively complex (smart) microprocessor at either terminal of the system 20. The provision, in 
accordance with the invention, of the inhibit bit blocks a constant restarting of the efror timer with erroneous 
packet received, this saving power due to excess reloading. The foregoing operation of the system 20 is 
adaptive the adaptive nature of the DLC allowing the characteristics of the control logic unit 38. as well as 
of the control logic unit 48. to vary in accordance with the BER of the link 30. The error rate may vary due 
to instability in the power supply of a laser driver employed with an optical configuration of the link 30. 

With respect to performance of the system 20. the simplicity of the implementation of the 'Go-Back-N 
algorithm make the protocol feasible for very high speed communication lines. The throughput performance 
of the system 20 is characterized by a relatively low bit en-or rate, no larger than 10 Because of the •GO- 
BACK" retransmissions, each unsuccessful packet transmission results in a waste of one round trip interval 
of link bandwidth. Let D be the round trip. C the link speed in bits per second, s the packet size, and N the 
number of packets which can be sent during D. namely. N = D x C / s. 

If a packet requires k total transmission to be delivered successfully, then the transmission consumes a 
bandwidth of k (N + 1) + 1. Based on packet enror rate p, which is the product of BER and packet size, the 
average bandwidth consumption 

^ can be found as: 



45 



km I 

1 ^Np 
1 

The susuined link ihroughpui efficiency is therefore 



50 TKrouchput - " TTTTJ \ ^ D C BER 



By setting N - 1 , the same analysis is applicable to an ideal DLC protocol in which each failed 
transmission waits only one packet transmission time. Fig. 4. as noted hereinabove, depicts a comparison of 
link throughput efficiency between the GO-BACK-N algorithm and an ideal DLC. It can be seen that for a 
BER no larger than 10"-, the two forms of control have almost identical performances. 

Rg. 15 is a program flow chart useful in explaining operation of the transmit terminal 26 of Fig. 1. In 
Fig. 15. the program starts at block 86 by selecting the sub-window and packet size, shown at block 88, for 
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operation oi the transmit memory 32. The transmit memory 32 is cleared, at block 90, and the status brt for 
each rrame 70 (Fig. 5) in each sub-window 74 is set to WRITE, as shown at block 92, for receipt of data 
from the user 22 (Fig. 1). At block 94. data from the user 22 is loaded into the transmit memory 32 after 
which, at block 96, the status bits are changed to READ of the frames which have been filled with data. 

5 Upon the filling of the frames with the data and the changing of the status to READ, the memory 32 is now 
ready to output the data to the receive terminal 28 via the link 30. 

Reading out of the data is accomplished, beginning at block 98. by moving a READ pointer to 
designate the first frame of the sequence of frames from which data is to be transmitted as a packet. At 
block 100, the data of a frame is transmitted as a data packet via the link 30 to the receive terminal 28. 

70 Thereafter, at block 102. data of the next frame and of subsequent frames are transmitted serially in a 
sequence of packets to complete the transmission of data of ail of the frames of a single sub-window. After 
the transmission of data from a frame, the status bits for the respective frames of the sub-window are reset 
to "Awaiting Acknowledgement", as shown at block 104. A request for status is sent at block 106, the 
request being for an acknowledgement signal. A failure to receive an acknowledgement signal will be dealt 

75 with in the program flow chart of Rg. 17. 

The flow chart of Fig. 15 continues at block 108 which is on the second drawing sheet of Fig. 15, the 
first drawing sheet being identified as Rg. 15A and the second drawing sheet being identified as Fig. 15B. 
Junction points A, B, and C are provided for joining together the portions of the charts of Figs. 15A and 
158. For example, the chart flows from block 108 to block 108 via the junction point A. At block 108, the 

20 transmit terminal 26 checks as to whether the data of the last sub-window has been sent. An error counter, 
shown at block 110, is used to measure the frequency of occurrence of transmission errors so as to enable 
a selection of an appropriate sub-window size at block 88 to attain a desired frequency of acknowledgement 
signals commensurate with the error rate as has been described hereinabove. At block 108. if the last sub- 
window of data has been sent, then the operation proceeds to block 112 wherein the counter 110 is read 

25 and reset tiie contents of the counter 110 being used in selecting the sub-window and packet size at block 
88. The cycle of writing in data and reading out data would then be repeated after completion of the 
successful transmission of data of the last sub-window. 

However, in the event that the last sub-window of data has not been transmitted, operation proceeds to 
block 1 14 to determine if an error message has been received, if no error message has been received, then 

30 the operation proceeds to block 116 wherein the READ pointer is advanced to the next frame of the sub- 
window from which data is to be transmitted to the receive terminal 28. The operation then reverts to block 
1 00 for transmission of data of the next frame in a data packet. 

At block 114. in the event that an error message has been received, then the operation proceeds to 
block 118 in which the READ pointer is moved back to a previously transmitted frame, which frame has 

35 been designated in the error message as having not been received at all, or having been received with 
error. This is in accordance with the GO-BACK-N frames algorithm employed in the operation of the 
invention. Thereupon, operation proceeds to block 120 where the status bits in the frame and in the data 
packet are set to indicate that the data packet is a retransmission of a previously transmitted block of data. 
The operation continues at block 122 for advancing a count of the counter 110 to indicate that an error 

40 message has been received. For each error message received during the transmission of a complete 
window of data of the transmit memory 32, the count of the counter 110 is advanced so that, at the 
conclusion of the transmission of the data of the window, the counter 110 shows the complete count of all 
error messages received during the transmission of the window data. In a fiber optic data link, the 
anticipated data error rate is very low. on the order of one error in 10^* bits. At such a low error rate, it is 

45 unlikely that more than one bit would in error in a data packet so that the bit error rate (BER) would be 
equal to the packet en^or rate. Therefore, the error counter at block 110. by counting the occurrences of 
erroneous packets, provides information useful in setting the sub-window size and acknowledgement 
repetition-frequency parameters suitable for operation in an environment of a specific BER. 

At Fig. 16, the operation of the receive terminal 28 is described further with the aid of a program flow 

50 chart which starts at block 124. First, at block 126. the receive memory 42 is cleared, and the status bits at 
each of the frames of the memory 42 are set at block 128 to WRITE for stofihg data received by the 
tenminal 28 from the terminal 26. The receiving of the incoming data packets occurs at block 130 after 
which, at block 132 the embedded bits designating the sequence number of each packet are examined to 
ascertain that the packet identifications agree with the memory frames into which the data is to be stored. A 

55 faulty sequence error could occur, by way of example, in the situation wherein a data packet was not 
received at the terminal 28 in which case the next packet to be received would appear to have a sequence 
number higher than the next packet which was anticipated to have been received. If the packet identification 
number is correct, then, at block 134. the cyclic redundancy check (CRC) accompanying the data in each 
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packet is employed for determining that the data is correct and not corrupted by bit errors. A failure at 
Wock isa to observe the correct sequence number, or a failure at block 134 to receive error-free data. 
Suits in the operation proceeding to block 136 wherein the terminal 2B initiates the GO-BACK process m 
[^Tcifthe transmit terminal 26 is commanded to go back to the previously transmitted frame data wh.ch 
exoerienced a transmission fault. . ^^r. i. 

upon initiating the GO-BACK process at block 136. the operation proceeds ^ b'ock 138 wherein the 
receive terminal 28 sends an error signal to the transmit tem^inal 26. the error signal including t^e sequence 
number of the frame and packet experiencing the transmission failure. Thereupon, operation reverts to block 
130 in which incoming data packets are received and examined at block 132 to determine rf a retransmitted 
data packet having the right sequence number has been received. It is noted that there is no confusi^Dn 
between a retransmitted packet and the originally transmitted packet because the control word forming a 
part of the packet has bits embedded therein which Identify the status of a packet as being an onginally 
transmitted packet for a retransmitted packet. . . . ^ . 

At block 134, in the situation wherein data of a received packet is determined to be correct the 
operation proceeds to block 140. At block 140. the GO-BACK process is terminated and the status bits at 
the frames of the receive memory can be set. as will be described now, to enable read-out of data from the 
memory 42 to the user 24. The operation proceeds to block 140 wherein the data is stored in he 
appropriate frame of the memory 42. It is noted that the frame number and the sequence nurnber of the 
date packet are equal to insure that the data is stored in the correct frame in synchronism with the trame of 
the transmit memory 32 having the same identification or sequence number. After stor.rjg ttie date .n_the 
requisite frame, as described at block 142, the status bits of the frame are changed, at block 144 to READ 

to enable read-out of the data to the user 24. . , ^ « tho 

The receive terminal 28 watches for acknowledgement requests, at block 146, transmitted froni the 
transmit terminal 26. If an Ack request has been received, then an acknowledgement signal, at block 148. is 
sent from the receive terminal 28 to the transmit tem^inal 28. If no acquisition request has been received or 
ff IhTequest has been received and responded to. the operation proceeds to block 150 in the 
Unsmit terminal 28 ascertains whether the last frame of the memory 42 has been fined with date. If me as^ 
frame has been filled with data, or H a control word has been received indicating that no further date is to 
be be transmitted, operation then proceeds to block 152 wherein the data is read out of the memonr 42 to 
the user 24 If at block 150. the last frame has not been filled, nor has an end of transmission signal been 
received, then the operation reverts to block 130 for receipt of further incoming date packets. 

Fig 17 shows an aspect of the operation of the transmit tennninal 26 by use of a program flow chart for 
timing an interval between a request for acknowledgement and receipt of the acknowledgement signal. The 
procedure begins at block 154 for a reading of the status bits of the date frames in the transmit memory 32 
Of Rg 1. upon reading the stetus bits, it Is found at block 156 that the status "Await^g Ack may or may 
not be present If the "Awaiting Ack" status is not present, operation reverts to a further reading of the 
iatus brts at^lock 154. If the '"Awaiting Ack" status is present, operation proceeds to block 158 wherein 
theTansmit terminal 26 sends a request for acknowledgement to the receive tamjinal 28^ rumraS 
the acknowledgement, the timer 82 (Rg. 3) is started at block 160 to measure the time elapsed until an 
acknowledgement Is received from the receive terminal 28. . , ^ , ■ .„h»th«r an 

The operation continues at block 162 wherein the transmit tem^inal 26 determines v^'hethe an 
acknowledgement has been received. If the acknowledgement has been received then the timer 82.sre^ 
at block 164 after which the operation reverts to block 154 tor further reading of the stah,s bit. At block 162 
K no Acknowledgement is received, then a detem^ination is made at block 166 as to whether an error signal 
has been received at the transmit tem^inal 26 from the receive tem^inal 28. If no other ^'9-^^ ^J^^^ 
received, the transmit temiinal 26 continues to implement a normal transmission of packets ^t block 168 
However, at block 166. if an error signal has been received, then the operation continues at block 170 for 
the implementation of a retransmission of the packet experiencing the transmission fault. ^« ^= th^ 
etransmission of packets sent to the receive tem^inal 28 prior to receipt of the error s.gna . This is in 
, accordance with L GO-BACK-N algorithm. Subsequent to the impiementaton of the retransmission 
procedure at block 170. nomnal transmission of date packets resumes at block 168. 

-Se timer 82 which was started at block 160 continues to run, and at block 172 is read to see rf an 
excessively long time interval has elapsed since the request for acknowledgement at block 158. If an 
Scess ve ^ long time has elapsed, then an alarm is activated at block 174 to warn operatng parsonne at 
; the Snsmit terminal 26 that the system 20 has malfunctioned and that data may not be reaching he 
receive terminal 28. Further, at block 176. the upper layer of the system architecture is alerted that the 
cor^munication link is down, has malfuctioned. If. at block 172. an excessive time has not yet been 
measured t^en the operation reverts to block 162 for a further check as to whether the acknowledgement 
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has been received. The operation continues to loop around between blocks 162 and 172 until either an 
acknowledgement signal is finally received, or until the alarm sounds at block 174 at which point the 
automatic operation is interrupted by personnel at both of the terminals 26 and 28 to take remedial action. 
By virtue of the foregoing operation, the implementation of the architecture and protocol of the invention 

5 and the communication system has provided for a rapid speed of data transmission and a rapid speed of 
data recovery in the event that transmission errors are detected. This has been accomplished by arranging 
for the storage of data packets in transmit and receive memories having the same format of frame structure 
with identification numbers equal to the sequence numbers of the Individual packets. Furthermore, the 
features of the invention have been made possible by the use of status bits and control words embedded 

70 within the data packets which provide both terminals with the same information as to the status of a packet 
to facilitate synchronization by means of hard-wired and programmable array logic units functioning as state 
machines. The state machines are responsive to specific events taking place in the communication system 
such as the detection of an error and the response of a terminal to the error. 

It is to be understood that the above described embodiment of the invention is illustrative only, and that 

75 modifications thereof may occur to those skilled in the art. Accordingly, this invention is not to be regarded 
as liinited to the embodiment disclosed herein, but is to be limited only as defined by the appended claims. 

Claims 

20 

1 . A method of adaptively controlling a data link to compensate for variation in error In a transmission of 
data from a first terminal to a second terminal, the method comprising: 

storing data at the first terminal in a transmit memory as an array of data frames arranged in a window of 
the transmit memory; 

25 dividing the window into sut>windows each having less frames than said windows; 

transmitting data from successive ones of said frames in a sequence of packets wherein data in a packet is 
obtained from one frame; 

embedding control signals in each of said packets, said control signals identifying packets by sequence 
number; 

30 receiving said packets at said terminals; 

checking said packets by tests for sequence number and bit error for detection of a transmission fault; 

storing data of only those packets which pass said tests in a receive memory at said second terminal. 

packets which fail at least one of said tests t>eing rejected packets; 

retransmitting rejected packets from said first terminal to said second terminal; 
35 counting the number of rejected packets occurring during a transmission of a window of data to obtain a 

packet error rate; and 

altering the sizes of said sub-windows in accordance with the packet error rate to minimize the delay of re- 
transmission and increase the utilization of the link. 

2. A method according to Claim 1 further comprising a step of reporting back to said first terminal from 
40 said second terminal an error signal designating the sequence number of a rejected packet. 

3. A method according to Claim 2 wherein, during said step of transmitting, there is a retransmission of 
packets which were transmitted subsequent to said rejected packet in accordance with a GO-BACK 
algorithm. 

4. A method according to Claim 1 wherein, during said step of retransmitting, there is a step of 
45 embedding in each packet a control bits identifying each packet as a retransmitted packet. 

5. A method according to Claim 1 wherein, subsequent to the completion of transmission of all frames 
of a sub-window, there is a step of sending from said first terminal to said second terminal a request signal 
for acknowledgement, said request signal being embedded as a part of said control signal in a subse- 
quently transmitted packet. 

50 6. A method according to Claim 5 further comprising a step of reporting back to said first terminal from 

said second terminal an acknowjedgement signal acknowledging that packets previously received at said 

second terminal have passed said tests. 

7. A method according to Claim 6 further comprising a step of timing an interval of time elapsing 

between said request-for-acknowledgement signal and receipt of an acknowledgement signal. 
55 8- A method according to Claim 7 wherein, during said step of transmitting, there is a retransmission of 

packets which were transmitted subsequent to said rejected packet in accordance with a GO-BACK 

algorithm. 

9. A method according to Claim 8 wherein said timing of said interval includes time elapsed for 
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retransmission of a rejected packet and wherein, upon detection of a transmission fault followed by a 
retransmission, acknowledgement follows said retransmission. ^ ^ 

To A meLd according to Claim 1 wherein the sequence number is equal to the number of the frame 
in said window containing data of the paclcet bearing said sequence number. 

11 A method according to Claim 10 wherein data of said receive memory ,s stored n an array o 
frames in zTu6ov. of said deceived memory identical to the array of frames in the wmdow of said transm,t 

""^"I^A method of adaptively controlling a data link to compensate for variation in error In a transmission 
of data from a first terminal to a second terminal, the method comprising: 

storing data at the first terminal in a transmit memory as an array of data frames arranged .n a window of 
the transmit memory; • ^ „ 

dividing the window into sub-windows each having less frames than said windows. 

transmitting data from successive ones of said frames in a sequence of packets wherein data m a packet is 

TbSnTrni^rig:^ in each of said packets, said control signals identifying packets by sequence 

number, 

ch?S Sd Set by™™ number and bit error for detection of a transmission fau«: 
storing data of only those packets which pass said tests in a receive memory at said second terminal, 
packets which fail at least one of said tests being rejected packets; 
retransmitting rejected packets from said first terminal to said second temninal; 

counting the number of rejected packets occurring during a transmissran of a window of data to obtain a 
"S^gZ'Ses of said sub-windows in accordance with the packet error rate to maximize a speed of data 

said second terminal an error signal designating the sequence 

''::^:X^:^TZ'o^ ..nsr^^n,, there is a retransmission of packets which were transmitted 
subsequent to said rejected packet in accordance with a GO-BACK algonthm; .^.„,k,,„„ 
Td^g Sd step of ret,«,sm«ting. tt»„ is a step of aml^ddlng in each packet a cont«.i s,gnai ,den.,fy,ng 

rsSrceTu;~rtrS ». ^ «^ in s.d ^ ». *e pack,t 

rSSd T.^ in an array o, trames in a »indo„ o. s^d received ^ory identice. 

to the array of frames in the window of said transmit memor/. 

13 A method according to Claim 12 wherein . . * *r«rr. 

subseqiint to the completron of transmission of all frames of a sub-window, there is a step ^'^^^^^^^ 
said fiS terminal to s^d second temiinal a request signal for acknowledgement, said request s^nal being 
!^H.I^rt<>ri r r nart of said Control signal in a subsequently transmitted packet the method further 
:i'plrng fst^p'of repoS;^ ba"It sL first terminal from said second tem^ina. an acknow.^^^^^^^ 
Snal acknowledging that packets previously received at said second temninal have passed said tests 
signal ackn^owledg^ controlling a data link to compensate for variation in error in a transmission 

of data from a first terminal to a second temiinal. the method compnsing: 

storing data at the first terminal in a transmit memory as an array of data frames arranged in a window of 

the transmit memory: ... j • j« ^. 

dividing the window into sub-windows each having less frames than said windows. 

transmking data from successive ones of said frames in a sequence of packets wherein data in a packet is 
fmtd1in?Toro.X"is in each of said packets, said control signals identifying packets by sequence 

number; 

receivino said packets at said terminals; . , ^ • • *^..if. 

SecWng said packets by tests for sequence number and bit error for detection of a f . 
S data of only those packets which pass said tests in a receive memory at sa.d second terminal. 

packets which fail at least one of said tests being rejected packets; 
retransmitting rejected packets from said first terminal to said second terminal; 

reportnTback to said first terminal from said second terminal an error signal designating the sequence 
rXlhV™oT etr Signals occurring during the transmission of a window of data to obtain a 
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packet error rate; 

wherein the sequence number is equal to the number of the frame in said window containing data of the 
packet bearing said sequence number; 

data of said receive memory is stored in an array of frames in a window of said received memory identical 
5 to the array of frames in the window of said transmit memory: 

subsequent to the completion of transmission of all frames of a sub-window, there is a step of sending from 
said first terminal to said second terminal a request signal for acknowledgement said request signal being 
embedded as a part of said control signal in a subsequently transmitted packet; 

said method further comprising reporting back to said first terminal from said second terminal an 
70 acknowledgement signal acknowledging that packets previously received at said second terminal have 
passed said tests; and 

wherein an error signal is produced by comparing sequence numbers of stored data in said receive 
memory with frame numbers of frames storing data; said method 

further comprising a step of altering a repetition frequency of the acknowledgement -request signals in 
75 accordance with the packet error rate to maximize a speed of data transmission along said data link. 

15. A method of adaptively controlling a data link to compensate for variation in error in a transmission 
of data from a first terminal to a second terminal, the method comprising: 

transmitting a sequence of data packets from said first terminal to said second terminal to be received at 
said second terminal; 

20 sending a request signal from said first terminal for acknowledgement of receipt of the data packets by said 
second terminal, said sending being done periodically after a predetermined number of data packets; 
reporting back to said first terminal from said second terminal, in response to said acknowledgement - 
request signal, a response signal acknowledging receipt of error - free packets, said response signal being 
an error signal in the case of receipt of a packet with error; 

25 retransmitting packets which were received with error in accordance with a GO-BACK algorithm; 

formulating a packet error rate by comparing the number of error signals with the number of packets 
transmitted; and 

altering a repetition frequency of said acknowledgement - request signals in accordance with said packet - 
error rate, an increase in error rate producing an increase in said repetition frequency so as to increase the 
30 transmission speed of a sequence of data packets. 

1 6. A method according to Claim 1 5 further comprising: 
identifying each packet with a sequence number; 
rejecting a packet having an error; 

reporting back to said first terminal from said second terminal an error signal designating the sequence 
35 number of a rejected packet; 

embedding control signals in each of said packets, said control signals identifying packets by sequence 
numt>er; and 

wherein, during said step of retransmitting, there is a step of embedding in each packet a control signal 
identifying each packet as a retransmitted packet. 
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@ A communication system provides high speed 
transmission of data over a link, such as a fiber optic 
iink. between a first terminal and a second terminal. 
The architecture and protocol permits the use of 
dedicated hardware such as state machines con- 
structed of programmable array logic units, to syn- 
chronize the transmission and reception of data 
packets and the retransmission of designated ones 
of these packets in the event of a faulty transmis- 
sion. Packets to be transmitted and received are 
stored in an array of frames in sub-windows of a 



memory storage window in each of the terminals, the 
frame number being equal to the sequence number 
of the data packet. By embedding sequence and 
status bits in each packet within control words and 
bits appended to each packet, the state machine in 
each terminal can readily track the progress of each 
packet so as to request acknowledgement of error- 
free receipt, to send an acknowledgement, to re- 
quest a retransmission of a packet designated by its 
serial number, and to distinguish a retransmitted 
packet from an original packet transmitted with error. 
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